Improved treatments for chronic hepatitis C virus (HCV) infection are needed due to the suboptimal response rates and deleterious side effects associated with current treatment options. The triphosphates of 2-C-methyl-adenosine and 2-C-methyl-guanosine were previously shown to be potent inhibitors of the HCV RNA-dependent RNA polymerase (RdRp) that is responsible for the replication of viral RNA in cells. Here we demonstrate that the inclusion of a 7-deaza modification in a series of purine nucleoside triphosphates results in an increase in inhibitory potency against the HCV RdRp and improved pharmacokinetic properties. Notably, incorporation of the 7-deaza modification into 2-C-methyl-adenosine results in an inhibitor with a 20-fold-increased potency as the 5-triphosphate in HCV RdRp assays while maintaining the inhibitory potency of the nucleoside in the bicistronic HCV replicon and with reduced cellular toxicity. In contrast, while 7-deaza-2-C-methyl-GTP also displays enhanced inhibitory potency in enzyme assays, due to poor cellular penetration and/or metabolism, the nucleoside does not inhibit replication of a bicistronic HCV replicon in cell culture. 7-Deaza-2-C-methyl-adenosine displays promising in vivo pharmacokinetics in three animal species, as well as an acute oral lethal dose in excess of 2,000 mg/kg of body weight in mice. Taken together, these data demonstrate that 7-deaza-2-C-methyl-adenosine is an attractive candidate for further investigation as a potential treatment for HCV infection.
Improved treatments for chronic hepatitis C virus (HCV) infection are needed due to the suboptimal response rates and deleterious side effects associated with current treatment options. The triphosphates of 2-C-methyl-adenosine and 2-C-methyl-guanosine were previously shown to be potent inhibitors of the HCV RNA-dependent RNA polymerase (RdRp) that is responsible for the replication of viral RNA in cells. Here we demonstrate that the inclusion of a 7-deaza modification in a series of purine nucleoside triphosphates results in an increase in inhibitory potency against the HCV RdRp and improved pharmacokinetic properties. Notably, incorporation of the 7-deaza modification into 2-C-methyl-adenosine results in an inhibitor with a 20-fold-increased potency as the 5-triphosphate in HCV RdRp assays while maintaining the inhibitory potency of the nucleoside in the bicistronic HCV replicon and with reduced cellular toxicity. In contrast, while 7-deaza-2-C-methyl-GTP also displays enhanced inhibitory potency in enzyme assays, due to poor cellular penetration and/or metabolism, the nucleoside does not inhibit replication of a bicistronic HCV replicon in cell culture. 7-Deaza-2-C-methyl-adenosine displays promising in vivo pharmacokinetics in three animal species, as well as an acute oral lethal dose in excess of 2,000 mg/kg of body weight in mice. Taken together, these data demonstrate that 7-deaza-2-C-methyl-adenosine is an attractive candidate for further investigation as a potential treatment for HCV infection.
Hepatitis C virus (HCV) infects an estimated 170 million people worldwide. In the United States alone, approximately 3.9 million people are infected, roughly five times the number of people infected with human immunodeficiency virus (HIV) (21) . HCV is transmitted primarily through direct percutaneous exposure to blood and is the most common chronic bloodborne infection in the United States. The Centers for Disease Control and Prevention estimate that the introduction of routine blood screening reduced the rate of HCV infection in the United States from an average of 240,000 new cases per year in the 1980s to approximately 25,000 in 2001 (15) . Blood transfusions account for a substantial portion of those currently infected, but injection drug use is a continuous source of infection and accounts for ϳ60% of new HCV infections in the United States (12) . Other sources of exposure are linked to occupational accidents, hemodialysis, high-risk sexual activity, and perinatal sources of infection. Unfortunately, no vaccine is currently available for HCV infection.
The majority of HCV infections progress to chronic infection, which can lead to cirrhosis, liver failure, and hepatocellular carcinoma, and HCV is currently the leading cause of liver transplantation in Europe and the United States (25, 26, 30) . The current standard therapy, a combination of pegylated interferon alpha (pIFN-␣) and the nucleoside analog ribavirin, produces viral response rates of less than 50% in the majority of patients who are infected with genotype 1 virus (25) , the most prevalent strain in the United States and Europe. In addition, treatment with pIFN-␣-ribavirin results in serious and unfavorable side effects, which include flu-like symptoms, hemolytic anemia, fatigue, depression, and even suicide (25) . Ribavirin is also teratogenic and therefore must be used with significant caution in women of child-bearing age.
The HCV NS5B protein, the RNA-dependent RNA polymerase, is responsible for the synthesis of the viral RNA genome and is therefore an attractive target for the development of antiviral agents (4, 14) . Viral polymerases are validated targets for antiviral drug development. Nucleoside analogs are known inhibitors of HIV, hepatitis B virus, and herpes simplex virus polymerases and are approved therapeutics for treatment of these viral infections. Chain-terminating nucleoside analogs are converted in cells to the corresponding triphosphates. These are incorporated by the viral polymerase into nascent nucleic acid chains, where they prevent the incorporation of the next nucleotide and result in the formation of incomplete, nonfunctional RNA or DNA products.
Previously, we reported that the triphosphates of 2Ј-C-methyl-adenosine and 2Ј-C-methyl-guanosine are effective in vitro inhibitors of HCV NS5B polymerase (23) . However, these compounds would not be effective therapeutics because the plasma half-life of the adenosine analog is short, and although the guanosine analog has excellent oral bioavailability, it lacks robust cell penetration and is inefficiently converted intracellularly to the active triphosphates (23) . Here we describe a 7-deaza modification of several purine nucleoside triphosphates which results in increased inhibitory potency in assays of the purified HCV RNA-dependent RNA polymerase (RdRp). 7-Deaza-2Ј-C-methyl-adenosine, in particular, is a potent inhibitor of HCV replication with low cellular toxicity and excellent pharmacokinetic parameters. 7 , 40 mM KCl, 0.5 mM MnCl 2 or MgCl 2 , 0.05 mM EDTA, 0.5 mM DTT, 0.2 mg of bovine serum albumin/ml, 10% glycerol, 1 U of enzyme/l, and 200 nM of the heteromeric RNA template, t500. Reactions were initiated by the addition of 50 M ATP (Amersham Biosciences) and ϳ2 Ci [␣- 33 P]ATP (NEN Life Sciences) per reaction, with or without an ATP analog. Reactions proceeded for 30 min at 30°C and were quenched by the addition of 20 l of 0.5 M EDTA, for a final concentration of ϳ220 mM EDTA. Product formation was determined by DE-81 filter binding (Whatman) as previously described (23, 34) .
Tissue culture, replication analysis, selection, and sequencing of resistant replicons. Huh-7 and HBI10A cells were cultured and transfected by electroporation with in vitro-transcribed RNAs as described previously (23, 34) . Transienttransfection assays were performed using cells highly competent for HCV replication, obtained by curing HBI10A cells of the endogenous replicons with human alpha 2b interferon as described previously (23, 34) . The effect of compounds on viral replication was monitored by in situ RNase protection assay or cell enzyme-linked immunosorbent assay as described previously (23, 34) . Clones resistant to 7-deaza-2Ј-C-methyl-adenosine were selected as described previously (23, 34) . Replicon RNAs extracted from resistant clones were retrotranscribed and amplified by PCR, and their sequence was determined by direct automated sequencing of the PCR products (23, 34) .
Plasmids. Plasmid pHCVNeo17.B encodes an HCV replicon identical to I377neo/NS3-3Ј/wt (EMBL-GenBank no. AJ242652) but contains two tissue-culture-adaptive mutations as described previously (34) . Plasmid pHCVNeo17.S282T is identical to plasmid pHCVNeo17.B but contains replacement of the triplet AGC (nucleotides 8441 to 88443) coding for serine 282 in NS5B, with triplet ACC, coding for threonine.
Antiviral activity with additional viruses. In vivo, non-HCV antiviral assays, with the exception of BVDV assay, were performed at the Utah State University Institute for Antiviral Research under direction of Robert Sidwell. Fifty percent effective and cytotoxic concentrations (EC 50 s and CC 50 s) of 7-deaza-2Ј-C-methyl-adenosine were determined in cell culture antiviral assays against the following 13 viruses (strains): West Nile virus (New York isolate), dengue type 2 virus (New Guinea), yellow fever virus (17D), rhinovirus type 2 (HGP), rhinovirus type 14 (Tow), poliovirus type 3 (Wyo3), Western equine encephalitis virus (California), Venezuelan equine encephalitis virus (Trinidad), respiratory syncytial virus (A2), measles virus (Chicago), human cytomegalovirus (AD-169), herpesvirus type 1 (McCrae), and herpesvirus type 2 (E194). The preceding assays, with the exception of that for human cytomegalovirus, are described by Sidwell and Huffman (27) and were used in the reports of in vitro antiviral activity of ribavirin (19, 28) . Once cellular monolayers were established, compound dilutions were added, corresponding to four-point or seven-point titrations, followed by the addition of virus after approximately 5 min. Toxicity measurements were determined with cells treated with compound without the addition of virus. Cells were incubated with compound and virus until viral controls showed adequate cytopathic effect (CPE) (Ն3 days for all viruses) for measurement. The cells were then microscopically examined for both virusinduced CPE and compound-related toxicity. The EC 50 s and CC 50 s were calculated by regression analysis of the viral CPE data and toxicity control data. The CPE results were confirmed using a Neutral Red assay (3) ( Table) , except for the herpesvirus data, which are visual CPE results, and human cytomegalovirus data, which are based on a plaque reduction assay (8, 9) . In vitro BVDV potency determinations were performed as previously described (31) .
Intracellular metabolism studies. The intracellular metabolism of nucleoside analogs was examined as previously described (11) .
Pharmacokinetics. All animal studies described in this report were approved by Merck Research Laboratories Institutional Animal Care and Use Committee. Pharmacokinetic studies were performed with male beagle dogs, Sprague-Dawley rats, and rhesus macaques dosed orally via gavage at 2 mg/kg of body weight and intravenously by bolus injection at 1 mg/kg (n ϭ 2/route). Compound was formulated at 4 mg/ml in ethanol-PEG 400-water (20:30:50 [vol/vol/vol] ). Intravenous dosing was performed with rats, beagles, and rhesus macaques via implanted catheters in the femoral, cephalic, and saphenous veins, respectively. Blood samples were obtained at 5, 15, and 30 min and 1, 2, 4, 6, and 8 h, placed in heparin-coated tubes, and centrifuged, and the plasma was decanted and stored at Ϫ70°C until analysis. An additional sample from dogs and monkeys was obtained at 24 h. Liver concentration studies were performed with male SpragueDawley rats dosed orally at 2, 20, and 200 mg/kg, using 0.5% methylcellulose in water as the vehicle. The doses were formulated so that subjects were dosed at a volume of 5 ml/kg. Plasma and liver samples were obtained at 8 and 24 h and stored at Ϫ70°C until analysis.
Plasma samples (50 l) were precipitated with acetonitrile, centrifuged, decanted, dried under nitrogen, and reconstituted with mobile-phase material. Liver samples were prepared by homogenization with four equivalents of dis- Jurkat cytotoxicity assays. Cytotoxicity was determined by using Jurkat T cells which were cultured in RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 1% penicillin-streptomycin (Pen/Strep). Clearbottom 96-well microtiter plates were preformatted with 50 l of medium containing compounds of interest solubilized in Me 2 SO at a concentration twofold higher than the final testing concentration and a Me 2 SO content of 2%. Individual plates were prepared for each time point to be assayed. Jurkat cells were diluted to a concentration of 2 ϫ 10 5 cells/ml, and 50 l of cells were added to each test well for a final incubation volume of 100 l and a final Me 2 SO content of 1%. At the indicated time points, viable cells were assayed by using the CellTiter 96 AQ ueous One Solution cell proliferation assay (Promega Corporation, Madison, Wis.) according to the manufacturer's directions. Briefly, 20 l of
tetrazolium] reagent was added directly to each well, and cells were incubated for 2.5 h. Absorbance at 490 nm, which is directly proportional to the number of live cells in culture, was read in a Molecular Devices ThermoMax microplate reader.
[ 14 C]thymidine uptake. [ 14 C]thymidine uptake assays were performed by using the thymidine uptake 14 C cell proliferation assay kit from Amersham (Piscataway, N.J.) according to the manufacturer's directions. Huh-7 cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal calf serum, 2 mM L-glutamine, 1% nonessential amino acids, and 1% Pen/Strep. Ninety-six-well Cytostar plates were preformatted with 100 l of medium containing compounds of interest solubilized in Me 2 SO at a concentration twofold higher than the final testing concentration and a Me 2 SO content of 2%. Huh-7 cells were diluted to 40,000 cells/ml in medium containing 100 nM [
14 C]thymidine, of which 100 l was added to each test well, bringing the total volume to 200 l. Cells were incubated at 37°C in 5% CO 2 . Detection of [
14 C]thymidine incorporation into cells was determined at indicated times by reading plates on a Packard TopCount NXT instrument.
RNA incorporation. The incorporation of tritiated nucleosides into cellular RNA was determined using the following analogs:
]acyclovir, and 7-deaza-7-[ 3 H]2Ј-C-methyl-adenosine. The tritium radiolabel was on the ribose for ddI while on the base for all other nucleosides. Huh-7 cells were cultured in DMEM supplemented with 10% fetal calf serum, 2 mM L-glutamine, 1% nonessential amino acids, and 1% Pen/Strep. One T-75 flask was seeded with 10 5 Huh-7 cells (20% confluency) for each nucleoside tested. Labeled nucleosides were added to a 0.5 M concentration at time of seeding except for the negative control. Cells were incubated at 37°C in 5% CO 2 for 3 days. Media were removed, and cell monolayers were washed with phosphate-buffered saline. RNA was isolated by extraction of the cell monolayers with 4 ml of a trizol reagent (Gibco BRL). As a negative control, [ 3 H]adenosine was added to the trizol lysate of Huh-7 cells that had been grown in the absence of labeled nucleoside. Phase separation was achieved by the addition of 0.8 ml of chloroform to each lysate, followed by centrifugation for 15 min at 12,000 ϫ g at 4°C. RNA was precipitated from the aqueous phase by the addition of 2 ml of isopropanol and centrifugation for 15 min at 12,000 ϫ g at 4°C. Pellets were washed in 75% ethanol and air dried for 5 min. RNA pellets were dissolved in 150 l of H 2 O. DNase digestion buffer and RNase-free DNase were added, and samples were incubated at 37°C for 30 min. RNAs were further purified by spin column purification using the RNeasy RNA purification kit (QIAGEN) as per the manufacturer's protocol and were recovered in a 50-l final volume. RNA concentrations were determined by absorbance. Purified RNA (5 l for adenosine and tubercidin and 20 l for dideoxyinosine, acyclovir, and 7-deaza-2Ј-Cmethyl-A) was diluted into 5 ml of Ready-Safe scintillation fluid (BeckmanCoulter, Fullerton, Calif.), and radioactivity was quantified using a Packard LS 6000SC scintillation counter.
Acute oral toxicity study with mice. Female mice [Crl:CD-1(ICR)BR; Charles River Laboratories, Raleigh, N.C.] ranging from 6 to 9 weeks old and from 22 to 35 g in weight were used to determine the acute oral toxicity of both 7-deazaadenosine (tubercidin) and 7-deaza-2Ј-C-methyl-adenosine following a single oral dose. Mice were housed three per box containing hardwood chip bedding in a climate-controlled room with a 12-h light cycle. Rodent diet and fresh water were available at all times. A single oral dose of either 7-deaza-2Ј-C-methyladenosine at 2,000 mg/kg or tubercidin at either 20 or 50 mg/kg was administered to three mice in a 60-mg/ml suspension in 0.5% aqueous methylcellulose. Oral doses were given by gastric intubation, using a metal catheter attached to a syringe. All animals were examined daily for mortality and physical signs of drug effect for 14 days. Body weights were recorded pretest and on days 7 and 14 postadministration. All animals were euthanatized with carbon dioxide and discarded without necropsy after the 14-day observation period.
RESULTS
Inhibition of NS5B polymerase and HCV replicon activity by 7-deazapurine analogs. The inhibitory potencies of 15 purine nucleoside triphosphate analogs were determined for HCV RdRp (Table 1) . Of the four modified ribose motifs studied, the most potent inhibitors of the polymerase were the 2Ј-Cmethyl-modified sugars. This structure activity relationship (SAR) held whether the base was a purine or a 7-deazapurine. The data also demonstrate that the 7-deaza modification of purines caused a significant improvement in inhibitory potency with each of the ribose modifications examined ( Table 1) .
The abilities of both 7-deaza-2Ј-C-methyl-adenosine and 7-deaza-2Ј-C-methyl-guanine to inhibit HCV replication was examined with a cell line, HBI10A, that harbors an HCV subgenomic bicistronic replicon (24) . Although the corresponding guanosine nucleoside analogs were, in general, more potent in the in vitro enzyme assay than the corresponding adenosine analogs, 7-deaza-2Ј-C-methyl-guanine was not inhibitory in the HCV replicon assay (Table 2 ). This was presumably due to a lower level of cell penetration and/or subsequently less-efficient phosphorylation of the guanine analogs (23) . We therefore focused our efforts on the characterization of the replicon active inhibitor, 7-deaza-2Ј-C-methyl-adenosine.
The potency of inhibition of HCV replicon replication by 7-deaza-2Ј-C-methyl-adenosine was similar to that of the previously reported 2Ј-C-methyl-adenosine (Table 2) . No cellular toxicity was associated with 7-deaza-2Ј-C-methyl-adenosine when tested at 24 or 72 h at a 100 M concentration. In contrast, the des-methyl analog, tubercidin (7-deaza-adenosine), displayed striking cytotoxicity, with CC 50 s of 3 M at 24 h and 0.15 M at 72 h.
Selection and characterization of mutants resistant to 7-deaza-2-C-methyl-adenosine. The strategy employed for resistance selection was similar to that described earlier (23) . Cell clones resistant to 7-deaza-2Ј-C-methyl-adenosine were obtained by culturing HBI10A cells in the presence of G418 and compound at concentrations increasing from 4-to 20-fold higher than its EC 50 . Selection experiments yielded several replicons, all of which expressed HCV RNA and proteins at levels either lower than or comparable to those of parental cells (data not shown). More importantly, replication of the cognate replicons was resistant to inhibition by 7-deaza-2Ј-Cmethyl-adenosine and to other 2Ј-C-methyl-modified nucleosides, displaying an approximate 10-fold loss of potency compared to parental cell lines. Conversely, clones were still sensitive to inhibition by alpha interferon and to a benzimidazole-based nonnucleoside inhibitor, compound A (data not shown) (33) , demonstrating that resistance was specific for 2Ј-C-methyl-modified nucleosides.
To identify the mutations responsible for resistance, the nucleotide sequence of the NS5B coding region of replicons extracted from four resistant clones was determined and compared to that of the RNA sequence from parental cells. All four resistant clones contained a common mutation, resulting in the change of serine 282 of NS5B to threonine (S282T). This substitution had been previously identified (23) and shown to be responsible for resistance to other 2Ј-C-methyl-modified nucleosides. To investigate whether the S282T substitution was sufficient for resistance to 7-deaza-2Ј-C-methyl-adenosine, nucleoside potency, on a replicon carrying this single amino acid change, was determined in a transient replication assay (Table  2 ). Despite its low replication competency, the modified replicon exhibited significant resistance to 7-deaza-2Ј-C-methyladenosine. The EC 50 s measured for these replicons were similar to those determined for the clones obtained under selective pressure by 7-deaza-2Ј-C-methyl-adenosine, suggesting that substitution of serine 282 with threonine was sufficient to recapitulate the resistance phenotype displayed by selected clones.
In vitro resistance to 7-deaza-2-C-methyl-ATP. To confirm that the S282T substitution also resulted in resistance to 7-deaza-2Ј-C-methyl-ATP in vitro, inhibition with S282T NS5B⌬55 was examined (Table 2 ). Resistance to inhibition by 7-deaza-2Ј-C-methyl-ATP was engendered by the single amino-acid change, as evidenced by a 350-fold loss in potency compared to the WT enzyme. Although resistance was displayed, incorporation of the 7-deaza motif into 2Ј-C-methyl-ATP also resulted in an improved potency against the mutant enzyme compared to the parental analog, 2Ј-C-methyl-ATP. This suggests that the increase in potency observed for 7-deaza-modified compounds is independent of the S282T change.
Mode of inhibition. Inhibition of polymerase activity by 7-deaza-2Ј-C-methyl-ATP was competitive with respect to substrate ATP. The K i value, as determined from a replot of the a Reported values are a means from two or more independent experiments, and standard deviations were calculated by Microsoft excel XP using the "nonbiased" or "n Ϫ 1" method. The shift in potency is calculated as the ratio of the IC 50 for the aza-nucleotide to that for the deaza-nucleotide.
b n ϭ 3. c n ϭ 2. 7-Deaza-A (Tubercidin)
The cytotoxic (MTS) and inhibitory effect on replicons was estimated in a 24-h cell culture assay. The effect on NS5B⌬55 was determined in the t500 polymerization assay. All data are averages for at least two experiments. ‫,ء‬ toxicity observed at 0.4 M concentrations and above. ND, not determined. A, adenosine; Me, methyl; G, guanosine. Gel-based incorporation assay. The mechanism of inhibition of 7-deaza-2Ј-C-methyl-ATP was further investigated using a gelbased incorporation-and-extension assay (Fig. 1) . In this assay, NS5B⌬55-catalyzed polymerization can be visualized using a 5Ј-32 P RNA template capable of incorporating AMP, followed by incorporation of UMP in a subsequent extension step. Tubercidin monophosphate, 2Ј-C-methyl-AMP, and 7-deaza-2Ј-C-methyl-AMP are incorporated into the growing RNA strand opposite uridine in reactions catalyzed by NS5B⌬55. Tubercidin monophosphate, once incorporated, can support further extension by the incorporation of UMP. In contrast, both 2Ј-C-methyl-AMP and 7-deaza-2Ј-C-methyl-AMP are incorporated into the growing RNA strand, but the HCV RdRp is inefficient at catalyzing the addition of the next nucleotide. Therefore, 2Ј-C-methyl-ATP and 7-deaza-2Ј-C-methyl-ATP act as functional chain terminators. These results indicate that the ability of these nucleoside analogs to function as chain terminators is due to the 2Ј-C-methyl substituent and not the 7-deaza modification. As reported previously (23), a trace of product resulting from the extension of incorporated 2Ј-C-methyl-AMP by the WT enzyme is evident (Fig. 1A,  lane 11 ) and is increased in reactions catalyzed by S282T (Fig. 1B,  lane 11) . In contrast, no extension of the incorporated 7-deaza-2Ј-C-methyl-AMP is detected in reactions catalyzed by either WT or S282T (Fig. 1A and B, respectively, lane 13) .
Antiviral activity and specificity of polymerase inhibition by 7-deaza-nucleosides. 7-Deaza-2Ј-C-methyl-adenosine displayed significant antiviral activity against other positive-strand-RNA viruses belonging to the Flaviviridae and Picornaviridae families, including BVDV, West Nile virus, dengue virus type 2, yellow fever virus, rhinovirus type 2, rhinovirus type 14, and poliovirus type 3, but none against the more distantly related positivestranded-RNA viruses western equine encephalitis virus and Venezuelan equine encephalitis virus (Table 3 ). In addition, 7-deaza-2Ј-C-methyl-adenosine did not have antiviral activity against several minus-stranded-RNA and double-stranded-DNA viruses, including respiratory syncytial virus, measles virus, herpesvirus, and human cytomegalovirus. 7-Deaza-2Ј-C-methyl-ATP exhibited an IC 50 of 3.7 M against BVDV polymerase, a value 10-fold lower than that for 2Ј-C-methyl-ATP and consistent with the shift observed for HCV NS5B.
Interestingly, 7-deaza-2Ј-C-methyl-ATP had no effect on the activity of human DNA polymerases ␣, ␤, and ␥, human RNA polymerase II, and yeast poly(A) polymerase in vitro when tested up to a 50 M concentration.
Intracellular metabolism. The intracellular metabolism of 7-deaza-2Ј-C-methyl-adenosine was determined in cell culture experiments by incubating compound radiolabeled with tritium at the 5-position of the pyrrolopyrimidine ring with both Huh-7 and HBI10A cell lines for 3 and 23 h. The metabolism of tritiated adenosine was monitored in parallel for comparison. The efficiency of uptake of 7-deaza-2Ј-C-methyl-adenosine is significantly less than that of adenosine, yet the ratio of conversion from the nucleoside to the triphosphate remains similar in the two cell lines, suggesting that the intracellular phosphorylation efficiency is not adversely affected by the 7-deaza and 2Ј-C-methyl modifications of adenosine (Table 4 ). In addition, the ratio of conversion of 7-deaza-2Ј-C-methyl-adenosine to the triphosphate remained constant at the 3-and 23-h time points, resulting in an overall increase in the total concentration of triphosphate with time, while the total concen- Pharmacokinetics. 7-Deaza-2Ј-C-methyl-adenosine exhibited good oral bioavailability in male beagle dogs, SpragueDawley rats, and rhesus macaques ( Table 5 ). The rate of compound clearance was moderate in all three animal species. The elimination half-life was 1.6 h in the rat but was significantly longer in monkeys and dogs, consistent with allometric scaling predictions. The concentration of 7-deaza-2Ј-C-methyl-adenosine and related material in liver was determined for male Sprague-Dawley rats dosed orally at 2, 20, and 200 mg/kg (Table 6 ). Plasma and liver concentrations were dose proportional at 2 and 20 mg/kg. However, both the plasma and liver concentrations for the rodents dosed at 200 mg/kg were approximately one-half of the values that would be obtained if a linear relationship were maintained at all dosing levels.
Cellular toxicity. The effect of high concentrations of nucleoside analogs on cell viability and proliferation was determined by using two different measurements of cytotoxicity. An MTS assay in a Jurkat T-cell line and an assay which determines the rate of incorporation of [ 14 C]thymidine into the nucleic acid of compound-treated Huh-7 cells revealed a cytotoxic profile for 7-deaza-2Ј-C-methyl-adenosine wherein high concentrations of compound (0.8 to 1 mM) and a 72-h incubation were required before significant cytotoxicity was detected (Table 7 ). Of the analogs tested, 7-deaza-2Ј-C-methyl-adenosine was the least toxic, while the closely related compound tubercidin (7-deaza-adenosine) displayed striking toxicity at submicromolar concentrations at all time points in both assay formats. Another closely related compound, 2Ј-C-methyl-adenosine, displayed a 30-fold-lower CC 50 in the [ 14 C]thymidine uptake assay after a 72-h incubation than 7-deaza-2Ј-C-methyl-adenosine. These results suggest that the CC 50 of 7-deaza-2Ј-Cmethyl-adenosine is well above the EC 50 of the compound (Ͼ2,000-fold higher than replicon EC 50 at 24 h).
RNA incorporation. The extent of nucleoside incorporation into total RNA isolated from Huh-7 cells following treatment for 3 days with 0. (Table 8 ). Adenosine and tubercidin were efficiently incorporated into RNA. Incorporation of ddI was approximately 15-fold lower than that of adenosine, while acyclovir and 7-deaza-2Ј-C-methyl-adenosine showed minimal incorporation. The lack of incorporation displayed by 7-deaza-2Ј-C-methyl-adenosine provides further evidence that the incorporation and subsequent chain termination of the corresponding monophosphate is specifically catalyzed by viral polymerases and in particular by HCV RdRp.
Acute oral toxicity study with mice. The approximate oral 50% lethal dose (LD 50 ), following a 14-day observation period, of 7-deaza-2Ј-C-methyl-adenosine when administered as a single dose to female mice was greater than 2,000 mg/kg. No deaths or treatment-related physical signs were seen throughout the duration of the 14-day study. The three mice dosed with 50 mg of 7-deaza-adenosine (tubercidin)/kg died on days 3, 5, and 6. Prior to death, animals showed urine staining, decreased activity, ptosis, and/or an appearance of being hunched and unkempt. No deaths occurred in mice dosed with 20 mg of tubercidin/kg, and they appeared normal throughout the 14-day study.
DISCUSSION
The current therapeutic regimen for HCV consists of a combination of pIFN-␣ and ribavirin, which achieves a sustained viral response of less than 50% in most patients (25) . Although the exact mechanism of action of ribavirin is still under investigation, neither it nor pIFN-␣ is believed to function as a direct antiviral agent against viral proteins. One approach to the discovery of superior therapies for treatment of HCV infection includes developing direct inhibitors of virally encoded enzymes, such as HCV RdRp. Previous work had identified a class of 2Ј-C-methyl-modified nucleosides as potent inhibitors of HCV replication that act as chain terminators. The lead compound in the series, 2Ј-C-methyl-adenosine, suffered from poor pharmacokinetic properties that prevented its further development.
The initial SAR that was developed by examining nucleoside triphosphates in the polymerase assay pointed to improvements in inhibitory potency with a 7-deaza substitution of the purine ring. This increase in potency was displayed by analogs of both ATP and GTP and was first observed with 3Ј-deoxy-, arabino-, and 2Ј-O-methyl-modified nucleoside triphosphates. The SAR was subsequently extended to 2Ј-C-methyl-ATP and 2Ј-C-methyl-GTP (11, 16, 23) with the result that in vitro potency was significantly improved.
Initial examination of the biological potential of 7-deaza-2Ј-C-methyl-adenosine focused on its toxicity and selectivity. This was of significant concern, since the closely related des-2Ј-methyl derivative of this lead compound, tubercidin, is very toxic (2, 29) . Although 7-deaza-2Ј-C-methyl-adenosine did not result in detectable cytotoxicity in the replicon assay when assayed up to a 20 M concentration for 24 h, additional testing at higher compound concentrations and for longer time periods was performed to further define the selective index. For comparative purposes, Jurkat cells, which are more sensitive to the cytotoxic effects of these compounds than Huh-7 cells, were incubated with up to 1 mM 2Ј-C-methyl-adenosine, 7-deaza-2Ј-C-methyl-adenosine, and tubercidin. The results revealed a striking difference in MTS cytotoxicity between 7-deaza-2Ј-C-methyl-adenosine (CC 50 of Ͼ1 mM) and tubercidin (CC 50 of Ͻ Ͻ1 M) (Table 7) , which demonstrates the ability of the 2Ј-C-methyl modification to obviate cytotoxicity. A similar observation with other 2Ј-C modifications of tubercidin (13) has been reported. A second study examined the effect of the compound on the uptake and incorporation of [ 14 C]thymidine into Huh-7 cells. These data paralleled the MTS cytotoxicity data, with measurable decreases in incorporation being detected only at very high micromolar (800 uM) concentrations of 7-deaza-2Ј-C-methyl-adenosine at the 72-h time point. In contrast, the des-2Ј-C-methyl derivative, tubercidin, exhibited demonstrable cytotoxicity at submicromolar concentrations, and 2Ј-C-methyl-adenosine was cytotoxic at 26 uM.
Tubercidin undergoes intracellular incorporation into nucleic acids and can yield cellular toxicity by inhibiting a number a Ratio of concentration of 7-deaza-2Ј-C-methyl-ATP in liver to concentration of 7-deaza-2Ј-C-methyl adenosine in plasma.
of metabolic processes, including RNA processing, nucleic acid synthesis, protein synthesis, and methylation of tRNA (2, 8, 29) . It was therefore a concern that 7-deaza-2Ј-C-methyl-adenosine may be readily incorporated into RNA and could result in delayed cytotoxicity. Our data, shown in Table 8 , confirm that tubercidin is readily incorporated into Huh-7 cellular RNA with an efficiency close to that for adenosine itself. In contrast, incorporation of 7-deaza-2Ј-C-methyl-adenosine into RNA occurred demonstrably less frequently than that of the two dideoxy control compounds, acyclovir and ddI. (It should be noted that the level of radiolabel incorporated in RNA for 7-deaza-2Ј-C-methyl-adenosine, ddI and acyclovir was very low and could be a result of radiochemical impurities in the nucleoside preparation.) This lack of incorporation displayed by 7-deaza-2Ј-C-methyl-adenosine provides further evidence that the polymerase-catalyzed incorporation of the corresponding monophosphate appears to be very specific for HCV NS5B polymerase. In the same experiment, an extremely small amount (below the limits of accurate quantitation) of radiolabel was found to be incorporated in DNA when [ 3 H]7-deaza-2Ј-C-methyl-adenosine was placed on cells. This is consistent with previous reports on the selectivity of human DNA polymerases for 2Ј-deoxyribose nucleoside triphosphates (6, 17, 35) and that 2Ј-C-methyl-modified ribonucleoside diphosphates are not substrates for class I ribonucleotide reductase (22) .
Adenosine and its corresponding phosphorylated species are involved in many cellular processes, and therefore, adenosine analogs have the potential to exhibit significant toxicity in vivo. Hence, in addition to the cellular analysis of cytotoxicity described above, the in vivo toxic potential of the lead compound was further evaluated. Tubercidin is lethal to mice, with an acute LD 50 of ϳ30 mg/kg, which is consistent with the previous data reported by Smith et al. (29) . In contrast, the corresponding 2Ј-C-methyl derivative does not display observable toxicity when dosed at 2,000 mg/kg, the maximum dose tested. One of the main causes of the toxicity observed with tubercidin is believed to be its incorporation into cellular nucleic acids. Since significant incorporation into nucleic acids is not observed with 7-deaza-2Ј-C-methyl-adenosine and lethality for mice was not observed at concentrations Ͼ60-fold higher than the acute LD 50 of tubercidin, it appears likely that the 2Ј-Cmethyl-modified nucleoside is a very poor substrate for cellular enzymes involved in processes that lead to tubercidin-like toxicity.
The 7-deaza-2Ј-C-methyl-adenosine lead compound was tested against a diverse panel of viruses, and the data (Table 3) provide the following conclusions. First, antiviral selectivity of the compound is not limited to HCV, since it displays significant antiviral activity against several related and medically relevant plus-stranded-RNA viruses. This is not a surprising result, since sequence analyses demonstrate that RdRps are highly conserved among plus-strand-RNA viruses (20) . Second, 7-deaza-2Ј-C-methyl-adenosine is a bona fide viral replication inhibitor, since it is active in true viral infectivity assays. Finally, the testing of the compound against this broad set of viruses also yielded a panel of toxicity data for seven different mammalian cell lines. Although these assays were of significant duration (Ն3 days), 7-deaza-2Ј-C-methyl-adenosine yielded CC 50 s above the highest concentration tested, which, in most cases, was several hundred micromolar (Table 3) . This is in contrast to the low-micromolar-concentration-toxicity data observed previously for 2Ј-C-methyl-adenosine in similar assays (23) .
The cytotoxicity and antiviral selectivity data strongly suggest that the inhibition seen in the replicon assay is specific for HCV antiviral activity and is not a result of underlying toxicity. This is strengthened by correlation of 7-deaza-2Ј-C-methyladenosine resistance mutations which map to NS5B polymerase. Resistance selection with 2Ј-C-methyl-adenosine previously yielded a single serine-to-threonine active-site NS5B amino acid change at position 282 (23). It is not surprising that selection with 7-deaza-2Ј-C-methyl-adenosine yielded the same resistance mutation. As expected, 7-deaza-2Ј-C-methyladenosine (or its triphosphate) demonstrated significant shifts in inhibitory potency in assays with the resistant replicon (34-fold) and in enzyme assays with S282T NS5B RdRp (350-fold) ( Table 2 ).
The incorporation of the modified nucleosides into the RNA hairpin primer/template substrate was examined in gel-based assays. The data in Fig. 1 demonstrate that the 7-deaza modification itself does not result in a chain-terminating nucleoside, since tubercidin monophosphate is readily incorporated and extended by the polymerase. In addition, the data demon- strate that a nucleoside with a single 2Ј-C-methyl-modified ribose does not result in complete chain termination (see Fig.  1 , lanes for 2Ј-C-methyl-ATP). However, when the 7-deaza and 2Ј-C-methyl modifications are incorporated into one molecule, chain termination with the triphosphate of this analog is more efficient. Although the 7-deaza modification is a fairly conservative substitution, it is known to alter the glycosyl torsion angle, which can significantly shorten the glycosyl bond length (1). We speculate that this additional change in the molecule, combined with the 2Ј-C-Me, which has previously been suggested to sterically block the next incoming NTP (23), further disrupts the alignment of the 3Ј-OH for nucleophilic attack on the alpha-phosphorous of the next incoming NTP. The S282T mutant enzyme more readily extends the 2Ј-C-methyl-AMPterminated primer, whereas both the WT and mutant enzymes are unable to extend the 2Ј-C-methyl-7-deaza-AMP-terminated primer under the conditions of this in vitro assay. The pharmacokinetic parameters of 2Ј-C-methyl-7-deazaadenosine were determined to further evaluate its potential as a therapeutic antiviral agent. 2Ј-C-methyl-adenosine was previously shown to lack oral bioavailability (23) . In contrast, when rats were dosed with 2Ј-C-methyl-7-deaza-adenosine, a dramatic improvement in half-life and oral bioavailability was observed relative to results with 2Ј-C-methyl-adenosine. Excellent oral bioavailability and half-life were also observed in beagle dogs and rhesus monkeys. In addition, there was excellent exposure of compound in the rat liver, yielding a fairly consistent liver-to-plasma ratio of approximately 100 irrespective of dose and time. Thus, oral dosing of 7-deaza-2Ј-C-methyl-adenosine results in significant concentrations of the compound in the target organ, liver (30) .
We speculated that the rapid plasma clearance observed for 2Ј-C-methyl-adenosine could be due to rapid deamination of the molecule by adenosine deaminase and/or cleavage by adenosine phosphorylase (5). The 7-deaza modification of tubercidin renders this compound inert to metabolism by adenosine deaminase and phosphorylase (5) . It is therefore not surprising that the 7-deaza derivative of 2Ј-C-methyl-adenosine has better pharmacokinetic properties than 2Ј-C-methyl-adenosine itself.
In summary, a novel nucleoside analog inhibitor of HCV NS5B polymerase has been identified. The combination of the highly specific chain-terminating 2Ј-C-methyl-ribose modification and the chemically stable 7-deaza-adenosine has created a direct antiviral compound with promising therapeutic potential. The previously reported analog, 2Ј-C-methyl-adenosine, was a potent and specific inhibitor of NS5B but lacked appealing pharmacokinetics for further development. The incorporation of the 7-deaza motif has led to an improvement in potency against the enzyme and improved pharmacokinetics, while the 2Ј-C-methyl modification ameliorates toxicity that is associated with tubercidin. This combination has afforded an inhibitor that will be further investigated as a much-needed antiviral agent for HCV infection.
The genetic heterogeneity of HCV and the potential for the development of resistance will be important factors in the outcome for investigational compounds for treatment of HCV infection. Combination therapies have been successfully employed to reduce the emergence of resistance to HIV treatments and are likely to become an important part of HCV treatments. Therefore, it is expected that compounds like 2Ј-C-methyl-7-deaza-adenosine will ultimately be used as part of a combination therapy including existing therapeutic agent alpha interferon or ribavirin.
